modified and forms a complex with Cdc20 [8, 12] . Release [13, 14] . Other mechanisms invoke direct phosphorylation and inactivation of Cdc20 by Bub1, BubRI or mitogen-activated protein kinase may represent a parallel mechanism for inhibition of the APC/C [9, 15] .
Mps1/TTK was initially identified as a dual-specificity protein kinase overexpressed in a number of human tumour cell lines [16] [17] [18] . The biological function of Mps1 was first discovered in yeast, where it is essential for spindle pole body duplication and mitotic spindle checkpoint regulation [6, 19, 20] . The function of Mps1 in mitotic checkpoint regulation is evolutionarily conserved [6, 14, [21] [22] [23] [24] . Depletion of Mps1 in organisms from yeast to human overrides mitotic checkpoint signalling [25] . Mps1 appears to act upstream in the checkpoint signalling pathway as depletion of Mps1 in Xenopus extracts can be overcome by high levels of Mad2 in the checkpoint response [14] . In addition, depletion of Mps1 prevents Mad1 and Mad2 localization to the kinetochore [25] . [22, 23, 26] . Understanding the biochemical mechanism underlying Mps1 kinase activation and regulation is therefore of considerable interest.
Mps1 is a mitotic specific kinase because its activity and expression level elevate significantly in mitotic cells. The exact mechanism governing cycle-dependent regulation of Mps1 is unknown although phosphorylation of Mps1 increases significantly during mitosis and the activation of mitotic checkpoint signalling

Here we report a 2.7-Å-resolution crystal structure of the Mps1 kinase domain. We demonstrate that autophosphorylation of Mps1 is a key priming event in activation of Mps1 kinase activity in vitro.
Results
Crystal structure of the Mps1 kinase domain
To understand the molecular mechanism of Mps1 activation, we solved the X-ray crystal structure of the kinase domain of Mps1.
A fragment comprising the kinase domain and the C-terminal fragment of Mps1 (residues 515-857) was expressed and purified in a baculovirus-insect cell system (Fig. 1A). The kinase domain contains a mutation, K553R, which disrupts the kinase binding with ATP and therefore ablates its catalytic activity. This mutation is essential for preventing autophosphorylation during protein expression such that homogenous Mps1 for crystallization is obtained. Crystals of Mps1 are monoclinic, with one molecule in the asymmetric unit (Table 1). The structure was solved by singleanomalous dispersion (SAD). The final model has been refined to a crystallographic R-value of 22.6% and a free R-value of 28.5%, using data to a resolution of 2.7 Å (Table 1).
The Mps1 kinase domain adopts the typical protein kinase twolobe architecture (Fig. 1B) . The N-terminal small lobe consists of a standard five-stranded ␤ sheet and a helix (␣C) (Fig. 1B) . In addition, Mps1 contains an additional ␤-strand (␤0) at the N terminus of the small lobe, which together with part of ␤1, covers the twisted ␤ sheet (Fig. 1B) . The entire small lobe is substantially more mobile than the C-terminal large lobe, and residues connecting strands ␤1 and ␤2 (the phosphate binding loop) are particularly flexible. The large lobe also possesses a standard structure, composed of a ␤ sheet of two strands (␤6 and ␤7) adjacent to the small lobe, seven ␣ helices, the catalytic loop and the activation loop (Fig. 1B) Fig. 2A) [27, 28] . (Fig. 2B) . They diverge from the path in the active protein kinase and fold back toward the rear of the catalytic site cleft (Fig. 2A) . The folding of the activation loop involves conformational change of the highly flexible residue Gly666 in the conserved motif. The activation loop thus adopts an inhibitory conformation and moves helix C of the small lobe away from its active configuration ( Fig. 2A and B (Fig. 2C and D) [27, 28] . Instead, in the inhibitory state of Mps1, the side chain of Glu571 bends towards the large lobe of the kinase and receives three hydrogen bonds from the main chain amides of the inhibitory activation loop (Fig. 2B) . This inhibitory configuration is closely reminiscent of the conformation of the activation loop in the inactive state of Ser/Thr protein kinase Pak1 (Fig. S1 ) [29] .
Although the activation loop of Mps1 is partially disordered, its Nterminus (residues 664-671) and C-terminal Pϩ1 loop (residues 684-688) assume well-defined conformation
Autophosphorylation of Mps1 in the activation loop and the Pϩ1 loop
Mps1 kinase activity is elevated 10-fold upon activation of the mitotic checkpoint and remains hyperphosphorylated during mitosis [22] . 
Autophosphorylation of the Mps1 Pϩ1 loop is associated with the active kinase
The Pϩ1 loop located C-terminally to the activation loop is highly conserved among protein kinases [28] . For serine/threonine kinases, the Pϩ1 loop usually starts with a conserved serine or threonine residue that links the Pϩ1 loop to the activation loop [28] . In tyrosine kinases, the equivalent residue is a proline. Fig. 3 .
However, addition of the phosho-T686 antibody inhibits Mps1 auto-and transphosphorylation whereas no effect was observed with the control Ants antibody (Fig. 5E) (Fig. 6) . Autophosphorylation of T686 in Mps1 activation loop (TTS→AAA) mutant is reduced while the S682 mutation results in slight increase at this site. This result is consistent with T686 autophosphorylation activity seen with purified enzymes (Fig. 5C) [26] [34, 35] . Second, biochemical analysis of enzyme function is consistent with the notion that unphosphorylated Mps1 is likely to be inactive (Fig. 5F) [26] . The more adverse effects on transphosphorylation suggest that they may also involve in substrate binding and positioning during catalysis. Given that Mps1 autophosphorylation appears to occur through an intermolecular mechanism [26] , it would be interesting to determine whether different binding interfaces are required for autophosphorylation and transphosphorylation. 
Importance of the disordered loop between ␣E and ␣EF in substrate recruitment and kinase activity
The loop connecting ␣F and ␣EF is disordered in the crystal structure. Previous structural studies with a number of protein kinases (Cdk2, Erk2 and PKB) suggest that this loop may be involved in modulating the conformation of activation loop [28]. There is little sequence conservation in this loop between Mps1 from different species except that K710 (human Mps1) is invariant in the Mps1 kinase family. In many kinases that are activated through activation loop phosphorylation, the phosphate group acquired in the activation loop upon kinase activation is involved in stabilizing the active conformation of the kinase through electrostatic interactions with the conserved arginine (R) next to the catalytic aspartate (D) residue (This group of kinases is also known as RD kinases) [28]. Since Mps1 is a non-RD kinase, Kang et al. proposed that positively charged residues in this region may serve a similar function by interacting with phosphorylated T676 to stabilize the active conformation of Mps1
(D) Effects of rabbit antibodies against antisocial (Ants) or Mps1 carboxyl terminal domain (C19) on Mps1 auto-and transphosphorylation. A total of 200 ng of the indicated antibodies were included in the time course reactions of Mps1. A total of 50 nM of Mps1 and 125 M of Mps1NTD substrate were used in this experiment (E) Effects of control and phospho-T686 antibodies on Mps1 auto-and transphosphorylation. The amount of antibodies, Mps1 and substrates are identical to (D). (F) An increasing amount of Anti-pT686 antibody was mixed with a decreasing amount of nonspecific antibody anti-Ants. Each mixture indicated was incubated with the Mps1 kinase for 1 hr on ice prior to the addition of ATP, Mg 2ϩ and the substrate and incubation at room temperature for 1 hr. A total of 50 nM of Mps1 was used in each reaction. The total amount of input antibodies in each reaction is about 200 ng. (G) The input antibodies used in (D) and (E) were dialysed with 1ϫ kinase reaction buffer. A portion of the dialysed antibodies was analysed by SDS-PAGE with
Recombinant protein production
Baculoviruses encoding human Mps1 and kinase-dead version (Mps1_D664A) have been described [30] . [38] . Untagged M-NTD was purified by Ni-NTA affinity purification followed elution with Ulp1 protease as described [38] . [42] ; the model was then transferred into the native unit cell by rigid-body refinement and further refined using simulated-annealing and positional refinement in [43] with manual rebuilding [42] . 
Mass spectrometry protein sequencing analysis
In vitro kinase assays
